The metabolism of '4C-labeled aspartic acid, diaminopimelic acid, malic acid and threonine by isolated pea (Pisum sativum L.) chloroplasts was examined. Light enhanced the incorporation of I'4Claspartic acid into soluble homoserine, isoleucine, lysine, methionine and threonine and protein-bound aspartic acid plus asparagine, isoleucine, lysine, and threonine. Lysine (2 millimolar) inhibited its own formation as well as that of homoserine, isoleucine and threonine. Threonine (2 millimolar) inhibited its own synthesis and that of homoserine but had only a small effect on isoleucine and lysine formation. Lysine and threonine (2 millimolar each) in combination strongly inhibited their own synthesis as well as that of homoserine. Radioactive 11,7-14Cldiaminopimelic acid was readily converted into I14Clthreonine in the light and its labeling was reduced by exogenous isoleucine (2 millimolar) or a combination of leucine and valine (2 millimolar each). The strong light stimulation of amino acid formation illustrates the point that photosynthetic energy is used in situ for amino acid and protein biosynthesis, not solely for CO2 fixation.
The important role of plastids in nitrogen metabolism of higher plants is becoming increasingly apparent (15) . Wallsgrove et al. (26) recently found two important enzymes of nitrogen assimilation, nitrite reductase and glutamate synthase, to be located exclusively in pea chloroplasts.
Aromatic amino acid synthesis has been demonstrated in isolated chloroplasts, and several of the enzymes required are plastidlocalized (3) . A number of the enzymes required for the synthesis of aspartate derived amino acids are also present in plastids (15) , but evidence that chloroplasts are capable of synthesizing the full range of amino acid is limited (14, 22) . Here, we report the lightstimulated synthesis of isoleucine, homoserine, lysine, methionine and threonine from "C-labeled precursors including aspartic acid ( Fig. 1 ) and provide evidence that lysine and threonine function in the regulation of the pathway. 2 To whom reprint requests should be addressed.
previously described (14) . Plants 9-11 days old were harvested 30 min into the light cycle. Isolation, Incubation, and Characterization of Chloroplasts and Mitochondria. A modification of the method of Bottomley et al. (5) was used for chloroplast isolation. Leaves and stems were cut with scissors into small pieces and placed in ice-cold filter-sterilized isolation medium consisting of 330 mm sorbitol, 50 mM Tricine (pH 8.4), 2 mm EDTA, 1 MM MgCl2 and 4 mm 2-mercaptoethanol. Tissue was homogenized with a Polytron (setting 5) for 3 s (14) . The brei was filtered through two layers of muslin and two layers of Miracloth, placed in glass centrifuge tubes and spun at 2,000g for 50 s. The supernatant was decanted and the plastid pellet resuspended in isolation medium with a small piece of 20- ,um nylon mesh which had been frayed at the end, rolled into a cylinder and attached to a glass rod. When soaked in the appropriate medium, it allowed gentle resuspension of the pellet without absorbing it. After centrifugation as before, the supernatant was decanted and 5 ml of isolation medium added (except 50 mm EPPS3 (pH 8.4) replaced Tricine). The "soft pellet" on top was resuspended by briefly swirling and decanted. The remaining "hard pellet" was gently resuspended in either KCI medium (200 mm KCI, 50 mm EPPS (pH 8.3), 6 (24) . Chl was determined by the method of Arnon (2).
Marker enzymes were utilized to characterize the chloroplast preparations. Nitrite reductase was employed as a marker for intact chloroplasts and was assayed by the method of Bourne and Miflin (6) . The microbody marker, catalase, was assayed by the procedure of Luck (17) and NAD-dependent glutamate dehydrogenase, were assayed as described by Hackett (12) and Miflin (20) , respectively.
Mitochondria were isolated from young pea leaves according to the method of Douce et al. (9) except that MOPS buffer was replaced by Hepes.
Analysis of Radioactively Labeled Products. After incubation with labeled precursors, samples were prepared for subsequent analysis by one of two methods. In method A reactions were stopped by addition of an equal volume of ice cold 10%o trichloroacetic acid and stored at 4 C for at least 1 h. Precipitated protein was collected by centrifugation and the pellet washed twice with 5% trichloroacetic acid. The supernatants (which contained the free amino acids) were pooled and washed two times with equal volumes of ether. After the pH was adjusted to approximately 2, samples were purified by cation-exchange chromatography and reduced in volume by rotary evaporation (7) . In method B samples were frozen in liquid N2 to stop reactions. Before thawing, methanol-chloroform-water (12:5:3, v/v) was added and the samples extracted as previously described (4) . With either method, the insoluble fractions (containing precipitated protein) were hydrolyzed in 6 N HCI plus 7.2 mm 2-mercaptoethanol (7).
Radioactively labeled amino acids from both the soluble and hydrolyzed fractions were analyzed by several separation systems. With all methods amino acids were identified by co-chromatography with authentic compounds. Two-dimensional TLC on cellulose plates (7) was performed twice in the first dimension; initially in methylethyl ketone-acetone-pyridine-water-formic acid Amino acids were obtained from Sigma.
RESULTS AND DISCUSSION Characteristics of Chloroplast Preparation. By modifying established chloroplast isolation methods (5) (e.g. cutting leaves into very small pieces before grinding, reducing homogenization times and generally resuspending plastids) we have been able to obtain routinely chloroplasts of high quality (Table I) . Whether determined by ferricyanide-dependent 02 evolution, phase contrast microscopy or nitrite reductase recovery the preparations always contained more than 85% intact chloroplasts immediately after isolation. The isolated chloroplast preparations evolved 02 at high rates when incubated with bicarbonate and ADP and incorporated ['4C]leucine into trichloroacetic acid-insoluble material at the fastest rates so far recorded (10) . Although the chloroplast prepa- In the soluble fraction labeling of homoserine, lysine, threonine, isoleucine, and methionine was stimulated by light. Homoserine was the major soluble radioactive product with the ratios of label incorporated being approximately 10:1:1:0.3:0:1 for homoserine, lysine, threonine, isoleucine, and methionine, respectively.
The incorporation of ['4Claspartic acid into isoleucine, lysine, threonine, and, to a lesser extent, homoserine does not proceed linearly for long periods (Fig. 2) . We have not attempted to determine the basis for this, although several workers have observed similar kinetics for light-driven protein synthesis in isolated chloroplasts (5, 10, 23) . The labeling of homoserine and lysine appeared to be more rapid than that of isoleucine and threonine. The endogenous concentration of homoserine in pea chloroplasts is high (21) (Fig. 1) . The subsequent incorporation of the newly formed amino acids into protein also requires ATP and GTP and has been shown for some time to be light dependent (10) .
The marked stimulation by light of most of the metabolism observed, and the fact that similar results were obtained under sterile conditions (data not shown) both argue that the amino acid biosynthesis was carried out by the chloroplasts in the preparation.
However the preparations also contain mitochondria and peroxisomes (Table I ) and also possibly ER-derived membranes. A preparation containing a 66-fold higher level of mitochondria (as judged by Cytoxidase activity) and presumably increased amounts of other potential contaminants was used to test the involvement of non-chloroplast material. There was no increase in labeling of amino acids of the aspartic acid family, rather it was generally decreased (Table III) .
Table III also shows that incorporation of label into amino acids was the same when the chloroplasts were incubated in either KCI or sorbitol medium. Similarly there is little difference in rates of protein synthesis (5). However, rates of C02-dependent 02 evolution in KCI medium were only about 5% of those in sorbitol medium (data not shown, see also ref. 5) .
Our experiments show that the synthesis of amino acids in chloroplasts is subject to feedback regulation (Table IV) . Threonine (2 mM) inhibited homoserine synthesis from ["Claspartic acid as well as its own (both in soluble and protein fractions); consistent with the reported presence of a threonine-sensitive aspartate kinase and a threonine-sensitive homoserine dehydrogenase in pea chloroplasts (27) . Threonine did not strongly inhibit lysine formation whereas lysine (2 mM) not only limited its own synthesis but also that of homoserine and threonine suggesting the presence of a lysine-sensitive aspartate kinase in pea leaves and chloroplasts (14) . The failure of threonine to inhibit lysine formation is probably because 9-to 11-day-old pea leaves (which were used in this study) appear to contain a predominantly lysinesensitive aspartate kinase (14) . Thus if threonine inhibits aspartate kinase only slightly while greatly affecting homoserine dehydrogenase the amount of 3-aspartylsemialdehyde for lysine synthesis should not be significantly decreased and may even increase (see Fig. 1 ). This is particularly likely if our estimates of a 9-fold greater flux ofcarbon down the homoserine branch of the pathway in the absence of added amino acids are correct. Further, some of the carbon label in lysine and isoleucine could have been derived from pyruvic acid (formed by dark metabolism of [14C]aspartic acid) which would be less affected by threonine. Lysine plus threonine (2 mM) reduced their own synthesis as well as that of homoserine to the level of the dark control, consistent with the previous observation (23) that lysine plus threonine markedly lowered light-driven protein synthesis in isolated pea chloroplasts.
Metabolism of Diaminopimelic Acid. Isolated intact chloroplasts readily metabolized DL-[1,7-14C]diaminopimelic acid ( Table V) .
As lysine is produced by decarboxylation of this compound it is possible to follow its production by assaying either "CO2 liberation or labeled lysine formation. As KCI medium is inhibitory to CO2 fixation (5) cine by isolated chloroplasts (Table VI) and various lines of evidence suggest that this occurred via the pathway shown in Figure 1 . First, label appeared in a-aminobutyrate, the transamination product of a-ketobutyrate. Secondly, isoleucine inhibited its own synthesis consistent with its ability to inhibit threonine dehydratase (15) . Thirdly, leucine plus valine also inhibited isoleucine formation as might be expected from their inhibition of isolated acetolactate synthase (15) . Isoleucine also inhibits this enzyme (15) but the effect is much smaller than that of leucine plus valine or of isoleucine inhibition of threonine dehydratase. Acetolactate synthase has been shown previously to be located in chloroplasts (20) . The failure of threonine to consistently inhibit isoleucine synthesis from '4C-aspartic acid (Table IV) (Tables VII and VIII) . However, since aspartic acid production was not dependent on light and was enhanced by the addition of mitochondria, it is difficult to assess whether the conversion (presumably via oxaloacetate) occurred in the plastids or in the small amounts of contaminating mitochondria. Certainly, plastid involvement is not excluded since increasing the mitochondria 66-fold less than doubled aspartate formation and the plastid preparation formed the aspartic acid-derived amino acids at lightdependent rates comparable to those achieved with ["4Claspartate, irrespective of the level of mitochondrial contamination. Furthermore it is known that: (a )much of the total aspartate aminotransferase is associated with the plastids; (b) a NADP-malic dehydrogenase which is regulated via the ferredoxin/thioredoxin system is present in spinach chloroplasts (28) , and (c) plastids accumulate malate from low external concentrations (13) . It has been suggested by other workers that chloroplasts cannot synthesize most amino acids from "4CO2 but that fixed carbon must be exported to the cytoplasm (or mitochondria) where keto acids are produced (see ref. 15 for a full description of this process); these then reenter the plastid where amino acid synthesis occurs. Our results are consistent with this idea, as malic acid (which could be synthesized in the tricarboxylic acid cycle) appears to be an effective precursor for aspartic acid family amino acids in isolated chloroplasts.
In previous work Mills and Wilson (22) observed a highly labeled compound co-chromatographing with methionine and a lack of label migrating with homoserine. By contrast, we have now found only a small amount of label in compounds co-chromatographing with methionine and a large amount in homoserine. This discrepancy could be explained if the labeled compound Mills and Wilson (22) observed to migrate with methionine was 
